Introduction
============

Many microorganisms within the category of extremophiles are known to survive intense ultraviolet (UV) radiation or high dose of ionizing radiation, while such natural environment is lacking on Earth. Through the studies of these bacteria including the radio-tolerant model *Deinococcus radiodurans*, radio- tolerance is speculated to be the by-product of desiccation tolerance [@B1]. Defense and repair mechanisms of such tolerance is likely multi-parametric and are diverse among different organisms, but the central damage is the oxidative injury of DNA and proteins [@B2]. Recently, removal mechanism of the reactive oxygen species (ROS) by Mn^2+^ complex has been proven by multiple models including *Deinococcus radiodurans,* and is proposed to be a key strategy in ROS defense in microorganisms [@B3]. Correlation of radio-resistance and intracellular Mn/Fe ratio was also reported among various bacterial species [@B4].

In order to survey a wide range of radiation- resistant bacteria and to elucidate the contribution of Mn to their tolerance, we have previously reported a comprehensive screening of UV-tolerant bacteria from a manganese deposit in the Sonoran Desert, Arizona, which is considered a Mars analog due to its extreme dryness and intense solar UV radiation [@B5]. In this report, we describe the complete genome sequencing of one of the isolates in the *Arthrobacter* genus of Micrococcaceae family designated strain MN05-02. *Arthrobacter* and its closely related genus *Kocuria* were the two most dominant groups found in the above screening with quite diverse lethal dose of UV-C. Therefore, a comparative genomic study of these species would possibly unveil the genetic mechanisms contributing to radio-resistance in Micrococcaceae. A unique trait of these groups is the orange-red pigmentation of colonies, which presumeably contributes to the defense against UV. We highlight the biosynthesis pathways producing these characteristic pigments from our genomic study.

Materials and Methods
=====================

Sequenced strain
----------------

*Arthrobacter sp.* strain MN05-02 was isolated from a manganese deposit in the Sonoran Desert, Arizona, USA. In order to screen UV-resistant bacteria, sampled soil was sprinkled over Marine Agar 2216 (Difco) plates under sterile conditions, and was exposed to UV-C in a UV radiation hood containing two germicidal lamps for 4 kJm^-2^, and surviving colonies were picked. The LD~10~ of this strain is 123 kJm^-2^, which is twice that of *Escherichia coli*. *Arthrobacter sp.* strain MN05-02 produces characteristic orange-red colored colony (Fig. [1](#F1){ref-type="fig"}), which presumably contributes to its UV-tolerance. *Arthrobacter sp.* strain MN05-02 grows best in Marine Broth 2216 (Difco), suggesting its preference for high salt content in the medium. Optimal temperature is around 30 ˚C, and this strain is aerobic, non-pathogenic, and free-living. Cells are spherical in shape, and about 1µm in diameter (Fig. [2](#F2){ref-type="fig"}).

Growth conditions and genomic DNA preparation
---------------------------------------------

*Arthrobacter sp.* Strain MN05-02 was cultivated in Marine Broth 2216 (Difco) at 30 ˚C. For Illumina sequencing, cell pellets were homogenized with zirconia beads in Multi Beads Shocker (Yasui Kikai), and genomic DNA was extracted using DNeasy Kit (Qiagen). After purification with AMPure XP beads (Beckman-Coulter), DNA was fragmented to 800 bp using Covaris M220, and Illumina library was prepared with HyperPlus Kit (KAPA) without enzymatic fragmentation.

For the nanopore sequencing library, genomic DNA was extracted and purified using a conventional liquid isolation method (Saito and Miura, 1963, PMID: 14071565) with some modifications. Briefly, cells were harvested by centrifugation at 4,000 rpm for 10 min at 4 °C with a 14 ml round bottom tube. The pellet was suspended in 700 µl of Sucrose-Lysozyme buffer (560 µl of 25 % sucrose-TES, 80 µl of 0.2 M EDTA, and 640 µg of Lysozyme). After incubation at 37 °C for 30 min, 70 µl of Proteinase K (20 mg ml^-1^) was added with additional incubation at 37°C for 30 min. The resultant was homogenized with 770 µl of SDS-TE buffer (70 µl of 10% SDS and 700 µl of TE) by gentle inversion. The homogenate was extracted with 1 ml of phenol by extremely gentle inversion, centrifuged at 4,000 rpm for 10 min, and the aqueous phase transferred into a fresh 14 ml round bottom tube. To precipitate genomic DNA, 3 ml of ethanol was added, and the precipitate was transferred into a new 1.5 ml tube. After a 70% ethanol wash, the precipitate was dried at room temperature for a few minutes and re-suspended in 400 µl of TE buffer containing 10 µg of RNase A, then incubated at room temperature overnight with gentle agitation. Ten micrograms of purified DNA was size selected using Blue Pippin (Sage Science) 0.75% Gel Cassette with Marker S1 High-Pass mode over 10 kbp, and fragment size was confirmed using TapeStation Genomic ScreenTape (Agilent). One microgram of size-selected genomic DNA was used to prepare a sequencing library using Ligation Sequencing Kit 1D (SQK-LSK108, Oxford Nanopore Technologies), omitting the optional fragmentation and repair steps. The resulting library quality was checked using TapeStation Genomic ScreenTape (Agilent).

Genome sequencing, assembly, and annotations
--------------------------------------------

Illumina library was sequenced on MiSeq (Illumina) with v3 600 cycles kit in multiplexed paired-ends, yielding 220 Mbp roughly corresponding to x60 coverage. The nanopore library was sequenced on a MinION device with R9.4 flowcell (Oxford Nanopore) for 24 hours with live basecalling on MinKNOW v.1.5.18, yielding 59,428 reads totaling 374 Mbp (around x100 coverage), where read N50 was 18,475 bp. Resulting nanopore reads were assembled with Canu 1.6 with default parameters [@B6], resulting in two contigs with length 3,449,825 bp and 175,137 bp, respectively. Both contigs were suggested be circular by the Canu software, but we further confirmed the circularity of the contigs by aligning the raw nanopore reads. The shorter contig was identified to be a plasmid by BLAST search on NCBI. The resulting complete chromosome and plasmid sequences were polished using Pilon with Illumina reads, resulting in the final 3,488,433bp and 154,991bp genomes.

The genome and plasmid sequences were annotated using the DFAST pipeline[@B7]. DFAST internally uses MGA tool for coding sequence prediction[@B8], barmap for rRNA genes (<https://github.com/tseemann/barrnap>), Aragorn for tRNA genes [@B9]. The predicted coding regions are then queried against DFAST database.

Results and Discussion
======================

The genome was initially sequenced with the Illumina MiSeq instrument at Keio University, Tsuruoka City, Japan, yielding 368,916 paired-end reads roughly corresponding x60 coverage. The genome was further sequenced with an Oxford Nanopore Technologies MinION device to complete the gaps. Sequencing was performed in the conference venue of the 5th NGS-Field Meeting in Sendai, Japan (<http://ngs5.org>), yielding a total of 375 Mbp (around x100 coverage) with read N50 length of 18kbp. The project information including accession numbers is summarized in Table [2](#T2){ref-type="table"}.

The 3,488,433 bp chromosome (Fig. [4](#F4){ref-type="fig"}) and 154,991 bp plasmid (Fig. [5](#F5){ref-type="fig"}) of *Arthrobacter sp.* strain MN05-02 had GC content of 69.11% and 62.16%, respectively. They contained 3,430 and 177 putative genes, with 3,366 coding sequences, 52 rRNA genes, 12 tRNA genes in the chromosome, and 177 coding sequences and no RNA genes in the plasmid. Seventy four percent of the predicted genes were assigned to one of 25 COG categories, but 27.28% remained unannotated. The distribution of COG functional categories is shown in Table [4](#T4){ref-type="table"}.

Fig. [3](#F3){ref-type="fig"} shows the phylogenetic placement of *Arthrobacter sp.* Strain MN05-02 based on 16S rRNA maximum likelihood phylogenetic tree. The closest sequenced relative is *A. agilis,* which is reported to produce pink pigment comprised of dimethylhexadecylamine and carotenoids. Detailed analysis of the gene content and the synteny of carotenoid biosynthesis pathways, however, show divergence between the two species.

Many bacteria of the family Micrococcus are known to produce carotenoid pigments, and details are known the carotenoid biosynthesis gene cluster from *Micrococcus luteus* [@B10]. Based on these set of genes and on the orthologs in *Corynebacterium glutamicum* [@B11] and *Dietzia sp* [@B12], we identified the carotenoid biosynthesis gene cluster in the MN05-02 strain (Fig. [6](#F6){ref-type="fig"}).

Comparison of the synteny of carotenoid biosynthesis genes of *Arthrobacter sp.* strain MN05-02 as well as three related species (*Arthrobacter agilis* [@B13], *Arthrobacter alpinus* [@B14], and *Arthrobacter castelli* [@B15]) is shown in Fig. [6](#F6){ref-type="fig"}. A clear difference of *A. agilis*, and *Arthrobacter* sp. strain MN05-02 from others is the lack of C45/C50 cyclase *crtY* and C.p.450 glucosyltransferase *crtX*. These species are therefore likely to produce C40 lycopene-derivatives unlike other species producing C45/C50 carotenoids. These gene conservation patterns mirror the colony color, where *A. agilis*, and *Arthrobacter* sp. strain MN05-02 have orange-red appearance whereas other species exhibit yellow pigmentation.

In this study, we sequenced and assembled the complete genome and plasmid of the UV-resistant bacterium *Arthrobacter sp.* strain MN05-02, isolated from the surface soil of Sonoran Desert, Arizona, USA. Characteristic orange-red pigment produced by this species presumably contribute, at least in part, to its UV-resistance, and the genomic basis for the production of this pigment is confirmed by comparing the carotenoid biosynthesis operon structures with other bacteria.
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![Colonies of *Arthrobacter* sp. strain MN05-02 on agarose plate with characteristic orange-red pigment.](jgenv07p0018g001){#F1}

![Stereo micrograph of *Arthrobacter* sp. strain MN05-02 (x2000 magnification). Scale bar (upper-right) is 10µm.](jgenv07p0018g002){#F2}

![Phylogenetic tree indicating the position of *Arthrobacter* sp. strain MN05-02 (in red) relative to other genomes sequenced within the genus *Arthrobacter* and *Kocuria*. *Streptomyces leeuwenhoekii* was used as the outgroup. The tree was inferred from 16S rRNA sequences using MAFFT v.7.312 as aligner [@B18] and with FastTree 2.1 (Maximum-likelihood) [@B19]. Tree was visualized with iTOL v4[@B20]. Numbers at the branches indicate the bootstrap values (N=100).](jgenv07p0018g003){#F3}

![Schematic representation of the complete chromosome sequence of *Arthrobacter* sp. strain MN05-02. From the outmost circle, tracks represent (1) CDS (blue), tRNA (orange) and rRNA (violet) on forward strand, (2) CDS (blue), tRNA (orange) and rRNA (violet) on reverse strand, (3) BLAST hits (e\<1e-15) to *A. agilis*, (4) BLAST hits (e\<1e-15) to *A. alpinus*, (5) BLAST hits (e\<1e-15) to *A. castelli*, (6) GC content, (7) GC skew (green: positive, purple: negative). GCView [@B21] was used to create this genome map.](jgenv07p0018g004){#F4}

![Schematic representation of the complete plasmid sequence of *Arthrobacter* sp. strain MN05-02. From the outmost circle, tracks represent (1) CDS (blue), tRNA (orange) and rRNA (violet) on forward strand, (2) CDS (blue), tRNA (orange) and rRNA (violet) on reverse strand, (3) BLAST hits (e\<1e-15) to *A. agilis*, (4) BLAST hits (e\<1e-15) to *A. alpinus*, (5) BLAST hits (e\<1e-15) to *A. castelli*, (6) GC content, (7) GC skew (green: positive, purple: negative). GCView [@B21] was used to create this genome map.](jgenv07p0018g005){#F5}

![Schematic representation of the carotenoid biosynthesis pathways of *Corynebacterium glutamicum*, *Dietzia sp* CQ4, *Micrococcus luteus, Arthrobacter castelli*, *A alpinus, A. agilis*, and *A.* sp. strain MN05-02. Gene upstream of the carotenoid biosynthesis cascade *crtE, crtB, crtI,* and *crtEb* are conserved throughout, suggesting the production of C40/C45 carotenoids, but further production and modification of C50 carotenoids (*crtY* and *crtX*) seem to be lacking in *A. agilis* and *A.* sp. MN05-02.](jgenv07p0018g006){#F6}

###### 

Classification and general features of *Arthrobacter sp.* strain MN05-02 according to the MIGS recommendation [@B16]

  MIGS ID    Property              Term                           Evidence code^a^
  ---------- --------------------- ------------------------------ ------------------
             Classification        Domain Bacteria                IDA, TAS [@B5]
                                   Phylum Actinobacteria          IDA, TAS [@B5]
                                   Class Actinobacteria           IDA, TAS [@B5]
                                   Order Actinomycetales          IDA, TAS [@B5]
                                   Family Micrococcaceae          IDA, TAS [@B5]
                                   Genus *Arthrobacter*           IDA, TAS [@B5]
                                   Species sp.                    IDA, TAS [@B5]
                                   strain: MN05-02                
             Gram stain            Positive                       IDA
             Cell shape            coccus                         IDA
             Motility              N/A                            
             Sporulation           N/A                            
             Temperature range     N/A                            
             Optimum temperature   30°C                           TAS [@B5]
             pH range; Optimum     N/A                            
             Carbon source         Monosaccharides                TAS [@B5]
  MIGS-6     Habitat               Desert surface soil            TAS [@B5]
  MIGS-6.3   Salinity              N/A                            
  MIGS-22    Oxygen requirement    Aerobic                        TAS [@B5]
  MIGS-15    Biotic relationship   free-living                    NAS
  MIGS-14    Pathogenicity         non-pathogen                   NAS
  MIGS-4     Geographic location   Sonoran Desert, Arizona, USA   TAS [@B5]
  MIGS-5     Sample collection     2011                           TAS [@B5]
  MIGS-4.1   Latitude              34°20′13.734″N                 TAS [@B5]
  MIGS-4.2   Longitude             113°37′33.666″W                TAS [@B5]
  MIGS-4.4   Altitude              550 m                          TAS [@B5]

^a^ Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS: Non-traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a generally accepted property for the species, or anecdotal evidence). These evidence codes are from the Gene Ontology project [@B17]

###### 

Project information.

  MIGS ID     Property                     Term
  ----------- ---------------------------- ----------------------------------------------------------------------------------
  MIGS 31     Finishing quality            Complete
  MIGS-28     Libraries used               Nanopore 1D Ligation library and Illumina paired-end libraries in size of 800 bp
  MIGS 29     Sequencing platforms         MinION (Oxford Nanopore Technologies) and MiSeq (Illumina)
  MIGS 31.2   Fold coverage                x100 (MinION), x60 (MiSeq)
  MIGS 30     Assemblers                   Canu 1.6
  MIGS 32     Gene calling method          MGA in DFAST
              Locus Tag                    MN0502
              Genbank ID                   AP018697-AP018698
              GenBank Date of Release      
              GOLD ID                      N/A
              BIOPROJECT                   PRJDB7048
  MIGS 13     Source Material Identifier   
              Project relevance            Biotechnology, evolution

###### 

Summary of genome: one chromosome and one plasmid

  Label        Size (Mb)   Topology   INSDC identifier   RefSeq ID
  ------------ ----------- ---------- ------------------ -----------
  Chromosome   3.488       Circular   AP018697           
  Plasmid 1    0.155       Circular   AP018698           

###### 

Genome statistics.

  Attribute                          Value       \% of Total
  ---------------------------------- ----------- -------------
  Genome size (bp)                   3,488,433   100.00
  DNA coding (bp)                    3,061,318   87.76
  DNA G+C (bp)                       2,410,932   69.11
  DNA scaffolds                      1           \-
  Total genes                        3,430       100.00
  Protein coding genes               3,366       98.13
  RNA genes                          64          1.86
  Pseudo genes                       \-          \-
  Genes in internal clusters         769         22.41
  Genes with function prediction     2638        76.90
  Genes assigned to COGs             2491        72.62
  Genes with Pfam domains            2420        70.55
  Genes with signal peptides         376         10.96
  Genes with transmembrane helices   818         23.84
  CRISPR repeats                     0           0

###### 

Number of genes associated with general COG functional categories.

  Code   Value   %age    Description
  ------ ------- ------- --------------------------------------------------------------
  J      150     4.23    Translation, ribosomal structure and biogenesis
  A      1       0.02    RNA processing and modification
  K      189     5.33    Transcription
  L      129     3.64    Replication, recombination and repair
  B      1       0.02    Chromatin structure and dynamics
  D      22      0.62    Cell cycle control, Cell division, chromosome partitioning
  V      29      0.81    Defense mechanisms
  T      114     3.21    Signal transduction mechanisms
  M      128     3.61    Cell wall/membrane biogenesis
  N      30      0.84    Cell motility
  U      32      0.90    Intracellular trafficking and secretion
  O      82      2.31    Posttranslational modification, protein turnover, chaperones
  C      141     3.97    Energy production and conversion
  G      280     7.90    Carbohydrate transport and metabolism
  E      249     7.02    Amino acid transport and metabolism
  F      73      2.06    Nucleotide transport and metabolism
  H      109     3.07    Coenzyme transport and metabolism
  I      91      2.56    Lipid transport and metabolism
  P      111     3.13    Inorganic ion transport and metabolism
  Q      51      1.43    Secondary metabolites biosynthesis, transport and catabolism
  R      288     8.12    General function prediction only
  S      191     5.39    Function unknown
  \-     1052    29.69   Not in COGs

The total is based on the total number of protein coding genes in the genome.
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